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 Table 6. A chart illustrating the average size of sisters and brothers from the families selected to sire each generation within both 

the Positive (P, Red) and Negative (N, Blue) portions of the Red-eyed control replicate (WC). Selected families are marked by the 

relevant letter and colour and were sorted into their respective portions of the breeding matrix described in Figure 1. The exact 

crosses performed to create each subsequent generation are illustrated in Figure 4S.  
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Figure 2 

  

C, G1 

LH
M

 Base Stock, G0 

EE, G1 

EE, G1 

C, G1 

LH
M

-bw Base Stock, G0 

Figure 2. Scatterplots and 

Standardized Major Axis (SMA) 

regression (dashed line) depicting the 

relationship between mean body size 

in brothers and sisters obtained from 

the same family, from both source 

populations (generation 0) as well as 

after one generation (generation 1). 

EE=Experimental Evolution, 

C=Control. 
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Figure 7 

             

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. A) Boxplots displaying the average fitness of control (C) and experimentally evolved 

(EE) males from both eye-colour strains; B) Boxplots displaying average male fitness by sire-type 

(Control=C, Positive-sired=PS, Negative-sired=NS), for both eye-colour strains. The box encloses 

values between the first and third quartiles of the data (the inter-quartile range (IQR)), whereas the 

horizontal bar within the box indicates the median. Whiskers extend from the box to largest/smallest 

values that are within ±1.5 × the inter-quartile range of the box. Values outside that range are outliers 

and are indicated by circles. 

A          B 
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Figure 8 

 

Figure 8. Boxplots displaying the 

average number of females fertilized 

by brothers from control (C) and 

experimentally evolved (EE) families, 

for both eye-colour strains. Boxplot 

components are the same as described 

in Figure 7. 
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CHAPTER 4 

DISCUSSION 

The various elements of nature regularly act in a way that imparts asymmetrical 

adaptive challenges on the sexes. In response to these differential pressures, the sexes 

may evolve different, optimal phenotypes. This process creates sexual dimorphism, 

which is a diverse and abundant phenomenon seen throughout the natural world (Darwin, 

1871; Lande, 1980; Andersson, 1994). The commonality of sexual dimorphism may lead 

one to assume that it evolves readily, however there are a plethora of potentially 

complicating biological effects that can limit the degree of sexual dimorphism that is 

expressed by a species. One of these potential limiting factors is the strength and 

evolvability of intersexual genetic correlations (rmf), which describes the degree to which 

identical genotypes produce identical phenotypes when expressed in male and female 

genetic backgrounds (Rice & Chippindale, 2001; Poissant et al., 2010). Our study set out 

to explore whether artificial selection (specifically artificial correlational selection, ACS; 

sensu Delph et al., 2011) can lead to rapid, adaptive changes in male and female 

phenotypes. Since the rate at which sexual dimorphism can evolve under artificial 

selection has been the subject of recent debate (see Delph et al., 2011; Stewart & Rice, 

2018), our work here aimed to get a better understanding of the evolvability of rmf by 

clarifying some discrepancies that have arisen through different lines of research. 

After exposing replicate populations of D. melanogaster to either ACS or no-

selection treatments, we found that rmf for body size could indeed evolve quite rapidly (if 

temporarily), and that its evolution had adaptive consequences. This is supported by the 

remarkable change in rmf and in the brother-sister correlation coefficients that arose after 
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one generation of ACS in both the experimental red-eye and brown-eye populations (but 

not in their paired control populations, please see Tables 1 & 2). Following six 

generations of selection, we observed higher fitness in males from both of the 

experimental populations compared to males from the paired control populations, with no 

associated negative changes in measured female fitness (despite the reversion to and 

maintenance of a positive rmf value beginning in generation 2 in both experimental 

replicates). Alleles that enhance male fitness usually do so at the cost of female fitness 

(Chippindale et al., 2001; Rice & Chippindale, 2001; Bonduriansky & Chenoweth, 2009; 

Poissant et al., 2010; Guncay et al., 2017) – however, the lack of differences observed in 

female fitness may indicate that traits influencing male and female fitness had become 

somewhat decoupled in response to our experimental selection. This finding could have 

been further tested by examining the capacity of males and females to respond to sex-

specific selection on body girth, and subsequently examining it in relation to reproductive 

success. This is similar to a result found by Delph et al. (2011), where subsequent 

selection on female flower size alone saw no correlated changes in male flower size in 

experimentally evolved lines but not control lines (i.e. control males and females both 

showed a phenotypic response to selection on females alone). These results as well as our 

own hint that natural and sexual selection could be able to slowly erode intersexual 

genetic correlations over time, which may facilitate the independent evolution of the 

sexes. We discuss this possibility and others in greater detail below, and explore these 

findings in relation to our broader understanding of sexual dimorphism and adaptive 

evolution. 
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We calculated rmf and h2 for generation 0 and each subsequent generation across 

all of our replicates. Although the heritability of male body size was usually higher than 

that of female size, there were also considerable fluctuations between generations, within 

replicates. While estimates of h2 values can sometimes be consistent across time in 

insects (Daly & Fisk, 1992; Lehmann et al., 2006), that is not always what we observed 

in our replicate populations (see Table 2). This lack of consistency could suggest that an 

outside factor such as environmental variation may have reduced the degree to which 

offspring phenotypes resembled parental phenotypes (Falconer & Mackay, 1996; Winkler 

& Leisler, 1999). For example, differences in handling or subtle differences in 

atmospheric pressure (Klok & Harrison, 2009) have the capacity to alter the size of 

developing individuals, which could lead to non-genetic differences between the sizes of 

parents and offspring, reducing estimates of h2.    

As for the intersexual genetic correlation of sibling phenotypes, rmf dramatically 

changed in response to selection between generations 0 and 1 in each experimental 

replicate, but not in their paired control replicate. At a first glance, this pattern seems to 

support the suggestion made by Delph et al. (2011) that intersexual genetic correlations 

can evolve rapidly in response to artificial selection, and that changes can be manifested 

within only a few generations of selection. Following generation 1 however, the rmf 

values we observed reverted back to roughly what had been observed in generation 0 (see 

Table 2). This seems to broadly support the findings of Stewart & Rice (2018), proposing 

that intersexual genetic correlations are robust, not showing much response even to 

strong direct selection. There are several potential explanations for the observation of this 

rapid change and reversion in rmf across both experimental replicates. One explanation is 
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that the initial genetic diversity was limited within our replicate populations, and that 

over time, selection led to a further loss of variation in sexual body size dimorphism. Our 

populations were founded from only 8 of the 50 families initially created from our stock 

populations, and this represents a potential constraint on the standing variation in each of 

our populations (i.e. akin to a bottleneck event). Furthermore, the loss of genetic diversity 

in our populations may have led to higher levels of inbreeding and an increase in the 

expression of recessive alleles with similar effects on the body size of both sexes. This 

too could have contributed to the lack of maintained response seen after the first 

generation. Finally, the fact that we did not measure the actual sizes of parents chosen to 

sire the subsequent generation, utilizing family-level means instead, may have 

compounded both of these issues by further reducing the amount of variation that was 

included in our analysis. 

In addition to the ideas presented above, there is also the potential that localized 

environmental factors may have played an important role in the expression of our 

observed adult phenotypes (especially in the later generations of selection). It is well 

known that environmental factors can influence the expression of body size phenotypes 

in D. melanogaster (Ashburner et al. 2005; Klok & Harrison, 2009), and since we were 

only able to select on the mean phenotypes (rather than the underlying genotypes) we 

observed in our families, it is possible that our selected sires and dams may have 

sometimes come from families who possessed little additive genetic variation for their 

expressed degree of intrafamilial sexual size dimorphism. Thus, our selection may have 

been less effective than we hoped, potentially facilitating the second-generation reversion 

to moderate, positive rmf values similar to those first observed in generation 0. One source 
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of this environmental variation could come from the potentially harmful courtship 

interactions that arise between males and females in this species that are damaging when 

overall size is similar between females and males, and even more so when it is male-

biased (Long et al., 2009). Such interactions can harm females, reducing their condition 

and leading to the production of fewer eggs and/or less energetic investment made per 

egg (Andersson, 1994; Long et al., 2009). One consequence of females laying fewer eggs 

is that their offspring experience an environment where there are less larval competitors 

present. Although we roughly standardized the amount of food per vial, due to logistical 

constrains we did not standardize the number of larvae who were present in each vial. 

This represents a potential source of interfamilial environmental variation. Since food-

limitation is known to influence adult size in D. melanogaster (Ashburner et al., 2005), it 

would theoretically have been possible for a small female who produced fewer eggs due 

to courtship harm to sire offspring larger than herself because of the reduced larval 

competition her offspring would experience during their development. This could 

potentially obscure underlying additive variation for size and sexual size dimorphism 

inherited from parents, especially if the sexes respond differently to larval competition 

which evidence supports in D. melanogaster and other Dipterans (Bedhomme et al., 

2003; Edward & Chapman, 2012). Alternatively, a larger than average female mating 

with a larger than average male may receive less harm and may produce a higher number 

of eggs. If the male is large because he is in good condition, she may even invest more 

into egg production. However, the unanticipated effect of this the increased number of 

larval competitors in each vial will be that the amount of resources available per capita is 

lower, which may limit adult body size. This again illustrates how environmental 
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variation can potentially obscure additive genetic variation, thereby reducing the 

effectiveness of selection. Variation in the degree of larval/juvenile competition is a 

factor that should definitely be considered and controlled in any future experiments 

attempting to examine the genetic basis of body size. For our experiment, larval density 

could have been controlled by collecting only a set number of eggs from each breeding 

group to ensure no variation in competition between independent trials. 

The genetic architecture of body size in D. melanogaster has been clearly 

established as a highly polygenic trait that is controlled by many different loci 

responsible for different transcription factors, signalling-pathway components, and other 

growth regulators (Turner et al., 2011; Okada et al., 2019). This creates considerable 

opportunity for epistatic interactions between the various size-controlling loci, which can 

lead to unique phenotypic outcomes in offspring. The ACS protocol we employed may 

have selected on individuals in a way that allowed for unique combinations of individuals 

to mate, leading to a wider and more unpredictable range of phenotypic responses in the 

subsequent generation(s), and potentially reducing the efficacy of ACS across 

generations. As an example, D. melanogaster under standard conditions often mate 

assortatively regarding body size. This is supported by the observation that males found 

mating in nature are on average larger than randomly sampled males (Partridge et al., 

1987), as well as the observation that males preferentially court and mate with large 

females (Long et al., 2009). The scenario that potentially follows from these two points, 

is that large males may mate more often with large females, and so small males are left to 

mate with small females. However, crosses made under ACS are inherently disassortative 

(large females with small males, and small females with large males). It is possible that 
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these potentially rarer, disassortative pairings may have resulted in increased 

heterozygosity in offspring. This could explain the highly pronounced response to 

selection observed in the first-generation, as selection may have led to a strong, opposite 

responses in the positive and negative portions of our experimental populations. Going 

forward however, mating between these size-heterozygous individuals could have caused 

a larger variety of offspring phenotypes to emerge, owing to the specific dominance 

relationships of polymorphism at loci controlling size and sexual size dimorphism. Thus, 

the initial response to selection may have been obscured by some offspring phenotypes 

regressing back to the major axis of variation in the subsequent generation, which in turn 

could explain the observed reversion in rmf. An analogous scenario has been observed in 

hybridization experiments performed on rockcress (Arabidopsis thaliana), where 

genotypically distinct parental lines of A. thaliana were crossed, producing an F1 

expressing unique phenotypes not present in either of the parental lines (heightened 

rosette diameter, altered flowering time; Wang et al., 2015). However, mating among the 

F1 heterozygotes led to an F2 that showed much greater variation in offspring 

phenotypes, with some resembling the parental lines, some resembling F1, and others’ 

phenotypes falling in-between (Wang et al., 2015). In our experiment, a similar 

phenomenon could have occurred following our second round of ACS crosses, leading to 

a reduction in the amount of minor axis variation – the consequence being an unexpected 

return to pre-selection values of rmf, in spite of the existence of an initial genetic response 

to selection. This possibility could have been assessed by testing for differences in the 

amount of sex-specific, within-family body size variance between generations 1 and 2 for 

each of our experimental replicates.  
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The fitness assays we performed on the members of generation 6 however, 

illustrated that the relationship in body size between the sexes does not explain the whole 

picture. While the negative rmf observed in the generation 1 experimental replicates had 

reverted to being positive by generation 2 (and stayed that way for the duration of the 

experiment), the fitness assays performed several generations later showed that there was 

nonetheless a relative increase the reproductive success of males from experimentally 

evolved populations compared to males from control populations (see Figure 7). Due to 

the presence of sexually-antagonistic alleles, increases in male fitness are typically 

associated with a decrease in fitness when expressed in a female genetic background 

(Chippindale et al., 2001; Guncay et al., 2017), yet that pattern was not observed here; 

while male fitness was greater in the experimental populations (compared to those from 

the control populations), female fitness did not differ between the paired experimental 

and control populations. Although the phenotypic effects of our selection disappeared or 

were obscured (i.e. the observed reversion in rmf), there could still have been an effect on 

the ability of male fitness to evolve in the experimental replicates. Specifically, through a 

decoupling of components of male and female fitness, which may have remained even 

after the immediate response to selection had dissipated. It is possible that the genetic 

architecture controlling body size changed in a meaningful way (see Badyaev & Hill, 

2007), facilitating the independent evolution of morphological traits important to 

courtship such as wing structure (Abbott et al., 2010; Sztepanacz & Houle, 2019). 

Although this explanation is speculative, it illustrates that direct selection on aspects of 

body size may not represent the full story, and that downstream effects of selection could 

facilitate the evolution of sex differences in other components of mating success and 
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fitness. The repeated nature of this observation in both the experimentally evolved red-

eye and brown-eye replicates along with the work of Delph et al. (2011), implies that 

future investigations on the capacity of artificial selection to rapidly alter intersexual 

genetic correlations may be fruitful for understanding how such correlations inhibit the 

sexes from evolving independently in response to divergent selective pressures. 

The question that remains then, is why a more reduced intersexual genetic 

correlations has yet to evolve in natural populations of D. melanogaster – especially as 

we have shown they can evolve so rapidly in a laboratory setting and have potential 

adaptive benefits for the fitness of the sexes? Stewart & Rice (2018) offer a potential 

explanation when comparing Delph et al. (2011) to their own work, pointing to the 

“unnaturalness” of ACS as a potential selective pressure. Individual-level selection on 

size is much more readily responded to than family-level selection on sexual size 

dimorphism, as there needs to be some line of causality linking the effects of opposite-

sex-sibling body size to that of focal individuals. For siblings, this is most likely during 

their juvenile period as adult forms in nature are more likely to disperse and decrease 

their subsequent rates of interaction (Coyne et al., 1982; Coyne & Milstead, 1987). In D. 

melanogaster, such interactions could arise due to intrinsic size differences between 

opposite-sex-siblings as larvae translating into adult size, or differences in competitive 

aggression that lead to differences in food-availability and skewed size ratios in adult 

phenotypes, among other possibilities. However this interaction between opposite-sex-

sibling sizes would hypothetically work, it would nonetheless need to be favored in 

opposite scenarios, one that skewed typical size dimorphism towards larger males, and 

another that skewed typical dimorphism towards larger females. This in turn then, leads 
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to a scenario where large males, large females, small females, and small males all need to 

be selectively favored, provided they have opposite-sex-siblings whose body size is 

skewed opposite to theirs. Individual-level selective pressures are unlikely to favor 

opposite-size morphs of same-sex individuals in every scenario, especially in terms of the 

fecundity of smaller females (Long et al., 2009; Turiegano et al., 2013). Thus, it is highly 

unlikely that any commonly encountered natural or sexual selective pressure could target 

such an indirect group-level trait like intrafamilial sexual dimorphism, and further, could 

favor completely opposite versions of it. Thus, there is little opportunity for what we 

observed here to occur as quickly in nature, even if it is possible for such rapid 

differences in rmf to evolve quickly and reliably in the lab. Nonetheless, our results 

potentially imply that rare phenotype/genotype pairings may be able to erode the effects 

of strong intersexual genetic correlations, facilitating the independent evolution of the 

sexes. 

In this study, we set out to establish whether it is possible for rmf to evolve rapidly 

in response to artificial selection, and to clarify a discrepancy in conflicting lines of 

evidence (Delph et al., 2011; Stewart & Rice, 2018). We found that initially positive 

intersexual correlations for body size in D. melanogaster could evolve rapidly, becoming 

moderate-strongly negative and then subsequently reverting back to being similar to pre-

selection values. However, we also found significant and repeated increases in male 

fitness with no corresponding decreases in female fitness in both of our experimentally 

evolved replicates. This may imply that components of male and female fitness became 

decoupled in response to selection, allowing males to respond to selection acting on other 

aspects of phenotype. While it is still difficult to say much that is very definitive, this 
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study represents a good first-step in breaking the log-jam around our understanding of the 

evolution of sexual dimorphism, and the biological effects that constrain it.  

Future work similar to ours would benefit from an approach that allows the full 

breadth of genetic variation to be expressed, while limiting the amount of environmental 

variation that could potentially obscure it. For our experiment specifically, this would 

mean controlling things such as vial crowding/the number of eggs laid per vial, as well as 

utilizing methods that take exact measurements of sire and dam body size, rather than 

relying on the averages of the families they hail from. Nonetheless, these experiments 

serve to aid our understanding of the means through which intersexual genetic 

correlations can change, and the potential effects of such changes on the phenotypes of 

males and females. 
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SUPPLEMENTAL FIGURES 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1S. Matrices illustrating the exact crosses performed between the selected Positive (Red) and Negative (Blue) families to 

create each subsequent generation within the Brown-eyed experimental replicate (BE). Values along the top of each matrix represent 

males from each selected family while values along the left axes represent females. The black numbers in the white squares represent 

the designation of each new family in the subsequent generation. For information regarding the size of selected parents, see Table 3.  

Figure 1S 
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Figure 2S. Matrices illustrating the exact crosses performed between the selected Positive (Red) and Negative (Blue) families to 

create each subsequent generation within the Brown-eyed control replicate (BC). Values along the top of each matrix represent 

males from each selected family while values along the left axes represent females. The black numbers in the white squares represent 

the designation of each new family in the subsequent generation. For information regarding the size of selected parents, see Table 4.  

Figure 2S 
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Figure 3S. Matrices illustrating the exact crosses performed between the selected Positive (Red) and Negative (Blue) families to 

create each subsequent generation within the Red-eyed experimental replicate (WE). Values along the top of each matrix represent 

males from each selected family while values along the left axes represent females. The black numbers in the white squares represent 

the designation of each new family in the subsequent generation. For information regarding the size of selected parents, see Table 5.  

Figure 3S 
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Figure 4S. Matrices illustrating the exact crosses performed between the selected Positive (Red) and Negative (Blue) families to 

create each subsequent generation within the Red-eyed control replicate (WC). Values along the top of each matrix represent males 

from each selected family while values along the left axes represent females. The black numbers in the white squares represent the 

designation of each new family in the subsequent generation. For information regarding the size of selected parents, see Table 6.  

Figure 4S 
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